Abstract-Presented here is a concept for nearly eliminating bias errors in reflectivity and velocity estimates due to power received throogh antenna sidelobes of pulse Doppler radars. The antenna pattern is switched from polse to pnlse among specially designed patterns, with near identical main lobes, but with sidelobes having randomly distributed phases and amplitodes. The sidelobe signal then becomes incoherent withoot affecting the coherency of the main lobe signal. The whitened sidelobe signal does not bias the mean velocity estimate compoted by Doppler processing, and an unbiased estimate of reflectivity can be computed with the knowledge of the mean whitened power level. Pattern design criteria and a method for the design of optimum patterns are developed for a linear array. The extent of sidelobe reduction by way of whitening has been studied in detail for special case of only two patterns switched randomly nsing a psendonoise sequence. Pattern switching realizes an effectively low sidelobe pattern witboot sacrifice of main lobe resolution. A possible extension to twodimensional arrays is suggested.
I. INTRODUCTION
P ULSED DOPPLER radar used for weather observation can estimate the three important spectral moments which provide information about the reflectivity, velocity and turbulence within its resolution volume. Unlike aircraft or missile detection, the measurement capability required of a weather radar imposes a more severe constraint on the antenna sidelobe level, mainly because of the distributed nature of the scatterers and their large dynamic range (80 dB). Furthermore, the extent of solid angle covered by the scatterers can be several orders of magnitude larger than the solid angle encompassed by the antenna main lobe. Therefore, because the echo power is proportional to the integral of the reflectivity field weighted by the two-way radar antenna pattern, the power received through the sidelobes can be comparable to that in the main lobe for weather targets of large extent, especially when the resolution volume is in a weak reflectivity region. If the spatial distribution of hydrometeor velocities and reflectivities are such that targets from sidelobes produce white spectra, the reflectivity, mean velocity, and Doppler spectrum width can be estimated provided the integrated power through sidelobes is comparable or less than the power received through the main lobe. But too often antenna sidelobes couple powerful coherent signals into the Doppler receiver and these cannot be easily discriminated from the main lobe signals. These then bias the spectral moment estimates and may cause erroneous interpretation of storm structure. Fig. 1 shows an example of a Doppler spectrum heavily contaminated by echoes received through sidelobes; the beam is in a low reflectivity region [ 11 . Because we have accurate velocity estimates in regions of high reflectivity in the neighborhood of the resolution volume which produced the spectrum on Power spectrum obtained with a pulsed Doppler radar viewing a weak ( < 25 dBZ) reflectivity region in a storm. The antenna main lobe has a 3 dB one-way beamwidth Ox = 0.8". the range depth of the resolution volume (6 dB width) is 180 m. The resolution volume is located at 5.1" elevation, 24' azimuth and 52 km slant range. Spectral powers are marked with x and a five-point running average is drawn for visual clarity. Shaded region represents calculated sidelobe power spectra.
lobe. Through the use of radial velocity and reflectivity distributions in azimuth and elevation (at a constant range) in high reflectivity regions and the antenna pattern we estimated in the sidelobe Doppler spectrum shown by the shaded areas in Fig. 1 .
Although our calculation is rather crude, it can reproduce most of the observed spectral peaks. Note that because in this example three spectral peaks have magnitudes within 5 dB of the genuine peak (at 30 m s-l) it is extremely difficult to eliminate their contribution to the spectral moments automatically.
Gust fronts, downbursts, etc., can be in the regions of weak reflectivity and if there the average radial velocity is different from those illuminated by the sidelobes intersecting high reflectivity regions, the mean velocity estimates w i l l be badly biased.
To reduce the bias errors in the estimation of reflectivity and mean Doppler velocity, the usual procedure is to design the antenna with as low sidelobes as possible.
In practice, antenna design is a trade-off between the two conflicting requirements of narrow beamwidth and low sidelobe level. The reduction of bias error in the velocity estimate by reducing antenna sidelohe would necessarily result in a loss of angular resolution due to increased beamwidth. This paper presents a technique to reduce the velocity bias error without recourse to low sidelobe design so that the fine resolution is retained.
In order to estimate the Doppler spectral moments, the Doppler radar uses a coherent detection process to recover the amplitude and phase of the received signal. If the phases of the received signal are random as in a noncoherent radar, Doppler processing would result in a white noise spectrum. The technique used here is to make the signals received through the sidelobes incoherent while retaining the main lobe coherency. The antenna pattern is switched from pulse to pulse among a set of specially designed patterns which have nearly identical main lobes but sidelobes differing in phases. If the two-way radar antenna U.S. Government work not protected by U.S. copyright. pattern phases are distributed uniformly over the entire span 0, 2n at every angle in the sidelobe region, a random switching of patterns would effectively whiten the power received through the sidelobes without affecting the main lobe power. Whereas the whitened sidelobes would not bias spectral moments they would increase the standard error of these estimates. But because velocity fields are generally continuous some averaging in range and azimuth would reduce random errors. Furthermore, the technique developed in this paper allows considerable filtering of sidelobe power, details of which will be explored in the near future.
A method for the design of antenna patterns for a switched pattern pulsed Doppler radar has been developed. The method is applied to a linear array to demonstrate the technique. A special case of only two patterns switched randomly has also been investigated, in an effort to simplify the realization of the scheme. 
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The wavelength is X , I is the path attenuation, and W(ri) is the range weighting function which depends on the pulse width 7 and receiver bandwidth. g(0, @) = Pj'2Gf2(0, @) is the antenna pattern function where P, is the radiated power, G the power gain, and f(0, $) is the complex normalized far-field pattern. In order that the voltage sample V(rs, m) represents truly the signal return from the resolution volume, the antenna pattern has to be ideally a sector beam pattern with a beamwidth equal to the one way 3 dB beamwidth 0 1. But in practice the antenna pattern has sidelobes over a large solid angle and the power received through the sidelobes biases the reflectivity and velocity estimates.
III. CONCEPT OF SWITCHED PATTERN DOPPLER RADAR
We consider here mean velocity estimation based on discrete Fourier transform (DFT) of time samples. Mean Doppler frequency is estimated using the power spectrum P ( T~, k ) estimates computed by DFT processing M samples. Thus, Substituting (1) in ( 2 ) and rearranging the terms, the power spectrum for an unswitched pattern is
The scatterer velocity vi is assumed to be constant over the
Consider a scheme where the antenna pattern is switched from pulse to pulse, making g(0, 4) a function of sample time mT. Denoting the patterns by gm(€J, @) = P : k 2 G m f i ( 0 , @), the power spectrum for the switched pattern is
Because the antenna pattern is under the control of the designer, direction sensitive changes could be introduced $0 the received signal such that the resulting power spectrum Ps(.i-,, k ) gives an unbiased estimate of Doppler velocity of targets in the main lobe. In order to characterize the effect that pattern switching will have on the Doppler spectrum, assume that all the targets in an elemental volume along the (0, @) direction and within a spherical shell c7/2 thick at r = crs/2 have the same radial velocity, vo = M0/2TM, where ko is an integer. Although the assumption of perfectly coherent element of sidelobe power is idealized, it will serve our purpose to characterize the effect of pattern switching. If the pattern is not switched all the elemFntal sidelobe power will be contained in a single spectral line P u (~s , ko); the spectral power at the other lines being zero. Now, if the patterns are switched the elemental sidelobe power w i l l spread to other spectral lines k # ko while re9ucing the power at k = ko. The distribution of power is now PS (T~, k) . The manner in wktch the spectrum of the echo power received from a given direction (e, I#J) is redistributed over the entire Nyquist interval h/2T is determined by the spectrum of the samplesg,(O, @).
The design criteria for the antenna patterns and the switching sequence are derived based on the fact that the velocity estimate from a white noise signal is random. If we design the antenna patterns f m (0, @) and the switching sequence such that the spectrum of the samples gm(B, @) is white for all (e, @) in the sidelobe region; the redistributed sidelobe power will not bias the mean velocity estimate but only increase the estimate variance.
In order to retain the coherency of the main lobe si gnal , the main lobes of all the patterns have to be the same. We can express these criteria in terms of the spectrum of the samplesg,(O, 4) as S(0, Q, 2) = C, The criterion (Sb) implies that S(0, 9, I ) is nearly white because C2 is independent of I except at I = 0. The criterion that S ( 0 , Q, 0) is zero sets the coherent component of the elemental sidelobe power to zero. One way to satisfy this criterion is to choose all I gm(O, Q) I equal and the phases 2gm(0, Q) uniformly spread over (0, 271) . These patterns are switched in a random sequence to whiten the sidelobe spectrum. However, in practice it is not possible to satisfy the criterion exactly. Depending on the accuracy to which (5b) is satisfied for I = 0, some amount of Gdelobe power still remains at the index k = k , and is given Putting k = ko in (4) we have the coherent component of by Ph,, ko).
sidelobe power retained at the koth spectral index 2 s , AT-1
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Comparing this expression to one corresponding to the unswitched pattern, we can define an effective pattern for power at ko as 1 M -I Thus, the gain patterns g,(0, 4) of the switched array give the same coherent power at the koth index as an unswitched array with pattern g&0, 4). Because the unswitched array does not alter the coherency of the echoes we shall refer to the residual power at the koth index as the coherent component and thus its magnitude gauges the effectiveness of the switched array to spread power into other spectral locations.
Although Doppler radar echoes are usually correlated from pulse to pulse, switching causes those received through sidelobes to be uncorrelated. The estimate of mean echo power (proportional to gain squared) from the sidelobe region can be computed using an equivalent root mean square (rms) pattern defined as This is an equivalent unswitched pattern which will be used to determine how well we have whitened the sidelobe power by pattern switching.
If the criteria (5) are satisfied all the sidelobe power appears as white noise while the main lobe spectrum remains unaffected. Because it is possible to estimate the level of this white noise [3] it can be subtracted from each of the computed spectral elements to obtain only the main lobe spectrum. Then both the reflectivity and mean velocity estimates, computed using the emended spectrum, will be completely unbiased.
While this suggests that we can use patterns with higher sidelobes to take advantage of their narrower main lobe and higher gain, too high sidelobes will affect the accuracy of reflectivity and mean velocity estimates. If we consider sidelobe power noise, the signal to noise ratio of the switched pattern Doppler signal is approximately equal to main lobe to sidelobe signal power ratio (assuming the receiver noise power is small compared to the sidelobe echo power). It is necessary to keep this ratio high enough so that the accuracy of reflectivity and velocity estimates it not sacrificed in the process of removing the bias error. Assuming a uniform reflectivity field: the total mean power P,, received through the sidelobes can be computed using the equivalent unswitched pattern g,,,. Thus
where C is a proportionality constant and OB is the fust zero crossing of the pattern (assuming a pattern symmetry in e).
After Doppler processing, the portion of P,., which remains coherent can be computed using the equivalent unswitched pattern geff. The portion of the coherent power PC, received through the sidelobes is given by r 2 n pn A measure of the effectiveness of the technique can be represented as the average sidelobe power whitening ratio B,.
B, = 10 log (2) dB.
This definition, of course, assumes that the redistributed sidelobe power has white noise spectrum. If the received sidelobe power is equally distributed over the entire Nyquist interval by random switching, the power in each spectral component would be YrJ M -1 for a M sample Doppler processor. We can expect the velocity bias error to be nearly eliminated for a whitening ratio ofB, = 10 log (1/M) dB.
It is not necessary to have M different patterns for M sample pulse Doppler processing. The M samples can be obtained by switching only K patterns (K < M) in a random fashion.
N . DESIGN 
where a,, b,, c,, and d , are all real, the pattern can be expressed as
To make the main lobes of all the K patterns nearly identical, we select the symmetric coefficients a, to be common to all the patterns and set all the imaginary symmetric coefficients c, equal to zero. The antisymmetric coefficients, which produce an antisymmetric pattern about the main lobe axis, are used to spread the phase of the pattern in the sidelobe region. The field produced by b, and d, is forced to nearly zero in the main lobe region so that the main lobe remains unaffected while changing the phase of the sidelobes. The procedure followed for the synthesis of these three sets of coefficients is as follows
The symmetric coefficients a,, which are common to all the K patterns, are synthesized first. Let h be the peak sidelobe level allowable for the symmetric pattern. The synthesis criterion can be either to minimize the beamwidth or to maximize the gain ,with a constraint on the maximum allowable sidelobe level. For a low sidelobe design these two solutions coincide, but the synthesis methods differ. We select the latter criterion and use a numerical method based on the simplex minimization algorithm [5] for the synthesis of excitation coefficients. This algorithm's capability of minimizing a broad class of functions allows incorporation of the sidelobe constraint as inequality constraints. The method can also be used when the array spacings are nonuniform or to optimize the array performance with spacings as variables.
In this method an objective function i p , for the symmetric pattern is formulated consisting of a gain function and a sidelobe constraint function, and is minimized using the simplex algorithm. To maximize the gain, negative of the gain is used in the objective function being minimized. Sidelobe level constraint at any given angle u(u = sin 0) is written as an inequality constraint:
where D(u) = If,(u) 1 ' is the sidelobe level with respect to the main lobe peak, and ug is the first zero crossing of the normalized symmetric pattern fa(#). L equally spaced locations ui, i = 1, 2, -, L , are chosen to span the entire (US, 1) angular sector and the sidelobe constraint function is formulated by summing the constraints at these locations. The number of locations L is chosen to be greater than so that the constraint (15) is applied at least at four locations for each sidelobe. Since we do not have a priori knowledge of uB, an approximate location of uB is used. It has been found that the method i s not very sensitive to errors in uB. The objective function @a is written as
The first term is the negative of the gain and the second, the sidelobe constraint function. The function max (x, y ) choses the maximum of the two arguments and p is a weighting constant used to adjust the relative weight given to each term in a=. a, becomes independent of p when the sidelobe constraint is satisfied at all locations ui.
In the process of minimization it is important to choose the initial values of p and an judiciously to avoid solutions which are local minima. Generally, a few trial runs would be necessary to arrive at an optimum value for p . Coefficients corresponding to a uniform distribution would suffice as a reasonable starting point in most cases.
Initially, the antisymmetric coefficients b, andd, are generated using a random number routine.
These coefficient sets are normalized such that the antisymmetric pattern peak is equal to the sidelobe constraint level k. Each set of these coefficients is readjusted, using the simplex algorithm, such that the resulting pattern has nearly zero field in the main lobe region 0 < u < ug.
The objective function @L, for the antisymmetric pattern is formulated as where ui, i = 1, 2, -, J, are equally spaced locations in the main lobe region. J is selected to be greater than (4uB(2V -l)d/X). A similar objective function holds good for synthesis of d,.
K sets of b, and d, are generated using this procedure and the array excitation coefficients are put together for K patterns.
where ~(1'1 and wy) are weighting constants with values between (0, 1) selected randomly using a random number routine. The phases and amplitudes in the negative u direction are in general different from that in the positive u direction. But it is expected that the random selection of coefficients b, and d, would produce g, , ,
and g,ff patterns with same average characteristics in terms of B, in both positive and negative u directions.
It is hoped that this procedure would produce reasonably uniform spread of phases in the sidelobe region without unduly increasing the rms sidelobe level. It may be noted that the rms pattern (8) would have slightly higher sidelobes than the designed level h , due to the additional power in the antisymmetric patterns. In some directions this would at most be by a factor of two larger so that it can be accounted for in the overall design.
V. RANDOM SWITCHED ARRAY SIMULATION
To test the theory of a switched pattern array a 20 element (N = 10) uniformly spaced h e a r broadside array is considered. The interelement spacing is chosen to be h/2. Sixteen patterns are synthesized (K = 16) using the procedure of Section IV, with a sidelobe constraint level of -30 dB.
The one-way power patterns for the 16 set of coefficients (Fig. 2) shows that the main lobes are not affected by the addition of antisymmetric coefficients. The maximum amplitude spread in the main lobe 10 dB below the peak is only 0.01 dB, but there is appreciable amplitude spread in the sidelobe region. The phases of the 16 patterns are computed at regular intervals and are presented as points in Fig. 3 . Though there is reasonable spread in the phase, the distribution is not uniform. In general, the phase spread and amplitude spread are coupled, an increase in phase spread would produce an amplitude spread too.
To simulate the switched pattern scheme, the patterns are selected randomly among the 16 to generate 64 samples. Using these 64 samples, rms and effective patterns are computed (Fig.  4) . There is an improvement in the sidelobe level of effective pattern compared to that of rms pattern but it is not enough to just@ the complex switching scheme. The average sidelobe power whitening ratio B, is -2.5 dB. This lack of improvement in the sidelobe level is believed to be due to the nonuniformity in the phase spread and large amplitude spread of the sidelobes. In fact, due to the addition of the antisymmetric component there is an average increase of sidelobe level of approximately 2 dB from that of the symmetric pattern. So, if we take the sidelobe level of the symmetric pattern as the reference for comparison the improvement is only 0.5 dB on an average.
The complexity of the switched pattern scheme, with controlled amplifiers and phase shifters in each element, is too high a price to pay for the small improvement illustrated here. We do not know if substantially better performance is physically impossible or if our method of pattern design is not adequate.
VI. SPECIAL CASE-DUAL PATTERhT ARRAY
We consider a special case of a switched pattern scheme in an effort to simplify the realization of such an array and to improve the whitening ratio B,. We select only two patterns (K = 2) and the switching is between these two patterns in a random fashion, using an M bit shift register sequence. Further, we select the excitation coefficients to be completely real, eliminating the phase shifters in each element.
A. Design Criteria
For K = 2 the pattern design criteria (5) can be modified to . . . Since there are only two patterns to be designed a closer approximation to the design criteria (19) is possible resulting in a better whitening.
L I . Synthesis of Patterns
Again, we choose the 2N element uniformly spaced broadside array to illustrate the design. The real excitation coeffi-. , cients A , are decomposed into symmetric a, and antisymmetric pattern, for the synthesis of antisymmetric coefficients b, is An interesting variant of the dual switched pattern scheme is shown in Fig' ' ' Because the symmetric and antisymmetric to switch the patterns alternately, instead of using a random patterns in phase quadrature the effect Of polarity change sequence, For an ideal pattern design the (b, = -b?d is to shift the phase off(u) by 90" in the (19a), (19b) h e phase of fie sidelobe is shifted region. However, because the radar uses the same pattern in transmission and reception the change is 180'. Thus, the phase angle of sidelpbe signal flips between 0" and 180". used in Section lV. Now, the objective function ad is expressed as by n rad for every alternate sample, without affecting the main lobe signal. This is equivalent to shifting the sidelobe power spectrum by f J 2 , the switching frequency. This is illustrated that the entire Doppler spectrum is within kfJ4, then it is possiThe for the number is the Same as the One in Fig. 6 . If the sample rate f, (PRF) is chosen high enough such N bel to separate out the main lobe signal using a low pass filter. This can remove the bias error in the velocity estimate as well estimated from the digitized samples after filtering. A disadvanThe b, are the variables of minimization. The minimum of this tage of this scheme is its high PRF which reduces the unambiguous function gives a set of b, whose pattern is a least difference fit range. In a dual switched pattern antenna the sidelobe signal whitening is accomplished by random switching between two patterns and the effectiveness of whitening depends on how well (19b) is satisfied. The functional form in (22b) suggests that the extent of matching possible between symmetric and antisymmetric patterns in the sidelobe region would improve with larger numbers of elements in the array. Each pair of symmetrically spaced elements in the array generates its own symmetric pattern a, cos (Gnu) and antisymmetric pattern b, sin ($nu) which are orthogonal to each other. We are able to match the total symmetric and antisymmetric patterns in the sidelobe region only because the two patterns are summations of N basis functions weighted by coefficients a, and b,, respectively.
Initially, a 20 element uniformly spaced broadside array with h/2 spacing was designed for a -30 dB sidelobe level. Criteria (22b) could be satisfied in most of the sidelobe region to a reasonable accuracy except in the region of fiist three sidelobes. The mutual orthogonality of basis functions can be disturbed by nonuniformly spacing the elements which gives us additional control in matching the symmetric and antisymmetric patterns. This is equivalent to minimizing the objective function & with respect to b, as well as $, and involves formulation of a new objective function to include the practical constraint on the allowable'spacings. For instance, the basic radiating elements generally have dimensions of the order h/2 for efficient radiation thus physically limiting the closest spacing possible. Nor is it desirable to have spacings closer than X/2 because of the rapidly increasing mutual coupling between the elements for spacings less than h/2. Further, spacings larger than X causes grating lobes to appear in the visible region. It may also be necessary to change the optimization strategy because of the nature of functional dependence of Gd on $, and b,. In short, further investigation is needed to evolve a satisfactory method which is effective when spacings are also treated as variables.
In the following example, we selected a set of spacings based on heuristic reasoning which gives better matching of symmetric and antisymmetric patterns in the sidelobe region at the expense of a small increase in the -3 dB beamwidth. Interelement spacing is chosen to be 0.5 h for all the elements except the end elements which are spaced 0.75 X apart, The excitation currents are optimized with these spacings to obtain maximum possible whitening of sidelobes. The rms and effective patterns ?e shown in Fig. 7 . A 64 bit pseudorandom sequence is used to switch the patterns in a random fashion.
Although the excitation currents are calculated with 6 digit accuracy, there is a limit to the accuracy with which element excitation can be controlled in practice.
Hence, to be more realistic, the normalized excitation currents are rounded off to second decimal digit before computing the pattern in Fig. 7 . The excitation coefficients are listed in Table I . It may be noted that the last two sidelobes in Fig. 7 are not whitened to the same extent as others, but these would be reduced when the array pattern is multiplied by the element pattern which generally has a null in u = 1.0 direction. Fig. 8 shows the sidelobe power whitening as a function of angle U. The superimposed rms pattern gives us an idea of the power received as a function of angle. It should be noted that all the sidelobes except the last one are whitened more than -1 8 dB, the limit beyond which a 64 sample processing would not improve the bias error reduction in velocity estimate. The minima of whitening occurs at sidelobe nulls of g , , ,
hence would not produce appreciable bias error. The whitening of main lobe is negligible.
The signal spectra using 64 sample DFT, presented in Fig. 9, show the redistribution of received power due to random switching. The spectra are for power received at angles u = 0.18, 0.5, and 0.92, near where sidelobe peaks ofg,ff pattern occur. The received signal is assumed to be at zero Doppler and the spectra Fig. 9 . Whitened spectra of the signal received from directions u = 0.18,0.5 and 0.92 (normalized to the total power received at that angle).
are normalized with respect to the total power received in the given direction. At u = 0.92 the whitening is approxjmately -13 dB, hence the unwhitened power in the dc component shows up above the average power level of the spectrum.
For this example the average sidelobe whitening ratio B, (11) is -17.8 dB. Fig. 7 shows that by pattern switching an effective sidelobe level of -40 dB is obtained while retaining the beamwidth (BW) of a conventional -30 dB sidelobe pattern.
For the given spacings a conventional -40 dB sidelobe pattern would give us an optimum gain of 11.65 dB with 3 dB beamwidth of 7.43'. A conventional -30 dB sidelobe pattern design would yield an optimum gain of 12.2 dB with 6.51" BW. Pattern switching yields an effective -40 dB sidelobe pattern with 1 1.9 dB gain and 6.95" BW. A &tle degadation in BW and gain from that of a conventional -30 dB design' was allowed to obtain better whitening of sidelobes.
It should be noted that the above example is by no means the best possible pattern. It has been given only to demonstrate the concept of pattern switching. Patterns with better performance should be possible with nonuniform spacings.
VIII. EXTENSION TO TWO-DIMENSIONAL ARRAYS
Switched pattern principle can be easily extended to two dimensional arrays. We consider here an extension of dual pattern scheme to two-dimensional array of 4N2 elements, and use the knowledge of excitation coefficients of a linear array of 2N elements to derive the excitation coefficients of two-dimensional array with uniform spacing in x andy directions.
The array geometry is assumed to have a rectangular grid structure with same spacing d, and d, in x and y directions (Fig. 10) . The excitation coefficients are represented by double subscripts indicating the location of the element with respect to the coordinate axes.
The field pattern is expressed as for dual pattern linear uniformly spaced array with the same spacing as the two-dimensional array, (d, = d,,) . Using these coefficients the symmetric part of A , , , can be expressed as
A T m -, = A m n s --ATmn =aman (26)
Antisymmetry is introduced only in one plane. Choosing antisymmetry about y-axis, the antisymmetric component of A,, can be expressed as 
The superscript refers to patterns 1 and 2. This scheme, of course, does not whiten the entire sidelobe region, but a major portion of the solid angle covered by the sidelobes is whitened, leaving a narrow region in the u,, u,, plane. The extent of sidelobe region unaffected by switching is for u, between +ug and u,, between 21, where uB is the first zero crossing of the pattern in u, direction.
IX. CONCLUSION
The concept of switched pattern pulsed Doppler radar introduced in this paper minimizes bias errors in the mean Doppler velocity estimate due to power received through the antenna sidelobes, without recourse to low sidelobe design. In this case fine resolution of the main lobe is retained. The bias error in the velocity estimate is minimized by whitening the power received through the sidelobes while maintaining coherency in the main lobe.
The technique used is to switch the antenna pattern randomly from pulse to pulse among a set of specially designed patterns. A criterion for pattern design to achieve sidelobe power whiten-ing without affecting the main lobe has been derived and a procedure for the design of patterns has been presented.
An
illustrative example of a 16 pattern switched linear array simulation showed a small improvement of 2.5 dB in the overall sidelobe reduction, which would not be enough to justify the complexity of the scheme. Sidelobe power whitening seems to depend heavily on the distribution of phases and amplitudes of the designed patterns in the sidelobe region. The lack of improvement can be attributed to the amplitude spread and the nonuniformity in the phase spread. We do not know whether the limitation is inherent in the pattern polynomial or in our design procedure.
A special case of only two patterns, switched randomly using a pseudorandom shift register sequence, has also been presented. Because there are only two patterns, a deterministic design rather than a random selection procedure, has been used to achieve better accuracy in satisfying the design criteria. The results of dual pattern switched array simulation are promising in terms of sidelobe whitening and its simplicity in realization. An average sidelobe whitening ratio of -17.8 dB has been obtained for the example.
In our example of linear array design only excitation currents are used as variables of optimization. The spacings are selected by heuristic approach which by no means can be considered as the best. It should be possible to obtain much lower sidelobes for g,ff by optimizing the spacings as well.
The switched pattern technique can easily be extended to twodimensional arrays. A procedure has been suggested for the design of two-dimensional array excitation coefficients from the linear array coefficients.
Pattern switching concept opens up new possibilities of reducing the effect of sidelobes in weather as well as target detection radars via signal processing technique. More work needs to be done to evaluate the full potential of pattern switching concept vis-a-vis the conventional approach of low sidelobe antenna design.
